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THE CONTROL OF DISTORTION IN 
WELDED STRUCTURES. 


E. W. ANSELL, A.M.I.N.A. 


INTRODUCTION. 


THE problem of distortion in welded structures has been set out 
in the following pages, so that it will provide the basic knowledge 
for an understanding of the subject for the draughtsman who is 
occasionally required to deal with welded structures, whilst at the 
same time providing a concise digest for the welding engineer and 
designer. 


Some of the aspects of welding technique and procedure as 
applied to the problems of distortion, are practical rather than 
design problems, but it is essential that the draughtsman should 
have a firm knowledge of the practical possibilities and limitations 
of welding before he can prepare a design to the best advantage. 


The pamphlet has, therefore, been arranged to set forth the 
basic factors causing distortion, the manner in which distortion 
occurs and the various procedures adopted to counteract or reduce 
the distortion. 


CHAPTER I. 
THE BASIG FACTORS CAUSING DISTORTION. 


Before any attempt can be made to control distortion in welded 
structures, it is essential that both the designer and the welding 
engineer should possess a thorough knowledge of the factors in- 
volved in causing distortion. These may be described under three 
main headings, viz., the effect of the mechanical properties of the 
parent metal and the electrode, the general effects of the sudden 
application of the intense welding heat to a restricted zone of the 
plate, and the effect of the welding heat on the metallurgical 
structure of the weld and the-heat affected area of the plate. 
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1. The Mechanical Properties of the Parent Metal and the Electrodo, 


Tho Stress Strain Diagram. 


If a mild steel test piece is subjected to a tensile test up to its 
breaking point, a diagram may be drawn plotting the stress against 
the strain, as illustrated in Fig. 1. 


STRESS- STRAIN DIAGRAM. 
MILD STEEL. 


STRESS IN TONS PER SQUARE INCH. 
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Fig. 1. 


It will be noted that the stress is proportional to the strain 
(or extension) until the stress (or load) reaches approximately 
13 tons per square inch. This is known as the limit of proportion- 
ality, for beyond this point the strain increases at. a greater rate 
than the stress applied, until a critical point is reached at which 
the test piece stretches when a negligible additional load is applied, 
which is known as the yield point.of the metal. The stress in tons 
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per square inch at which a metal reaches its limit of proportionality, 
and its yield point, varies according to the composition of the metal 
or alloy. It is intended throughout to use mild steel as a basis 
of discussion of distortion problems, but it should be noted that 
other ferrous and non-ferrous metals will have reactions somewhat 
similar to mild steel but qualified by their own individual 
peculiarities. . 

The limit of proportionality is frequently called the elastic 
limit of the metal, as up to this point the metal will return to its 
original length when the load is removed. Above the elastic 
limit the steel is permanently deformed and will not return to its 
original length when the stress is removed. 

The horizontal portion of the stress-strain diagram is of the 
utmost importance in steel structural work. It is essential that 
any steel member under stress should be reasonably ductile, and 
the extent of the horizontal line in the diagram gives an indication 
of the metal’s capacity to undergo a considerable change in its 
length with only a negligible increase in stress. The yield point 
of the metal lies along this horizontal line and unless, as in hard 
and brittle steels, the line is short, it indicates that the metal is 
amenable to cold working without effecting its ability to carry 
stress in service. 

Further loading beyond the yield point results in a rapid 
increase in strain caused by a comparatively small increase in 
stress, until the maximum stress for the metal is reached, the 
material can undergo no further extension and fracture occurs. 
This is known as the ultimate tensile strength of the material. 
It should be mentioned here that some materials, including cast 
iron, copper, aluminium and brass, have no definite yield point. 
In these cases, there will be no horizontal line in the stress-strain 
diagram, and the graph will show a straight line up to the elastic 
limit, continuing in a gentle curve until the material fractures. 

Another fact, with a particular application to welding, is that 
the yield point of steel decreases rapidly as the temperature 
increases. This will appear obvious when it is realised that if a 
metal is heated to its melting point, then it can have no effective 
yield point at all. . nee 

If the mechanical properties of the weld metal in a joint are 
compared with those of the parent metal, it should be found that 
they are superior, particularly when heavily coated electrodes are 
used, which is general practice for all stressed members. 

The ultimate tensile strength (U.T.S.) of mild steel varies 
between 26 and 30 tons per square inch, and the yield point is 
reached at a stress of from 16 to 18 tons per square inch. The 
elongation (or ductility) should be at least 20% on 8 inches. For 
further explanation of these terms thc student is recommended 


to study any standard text book on mechanics. 3 
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The mechanical properties of the weld metal deposited by a 
good quality mild steel electrode will be :—U.T.S. 33 to 34 tons 
per square inch, yield point from 25 to 29 tons per square inch 
and an elongation of approximately 24% on 8 inches. 

The foregoing facts are of the utmost importance in the design 
of a welded structure. The stress-strain diagram for a welded 

. joint under loading would be approximately as illustrated in Fig. 2. 
It will be noted that up to a point the “elastic” portion of the 
diagram is similar to that shown in Fig. 1 for mild steel, but due 
to the yielding of part of the joint under loading, the stress is 
redistributed and there is no definite yield point; the curve 
flattens out until the joint fractures at the maximum stress. If 
the weld metal possesses good ductility and the redistribution of 
stresses is not too abrupt when yielding occurs, then the joint will 
withstand considerable plastic deformation without fracturing. 
If either of these conditions is not satisfied then a fracture may 
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occur shortly after the yield point is reached, and the joint is 
capable of withstanding only a small degree of plastic deformation. 

In taking into account the redistribution of stresses in a welded 
joint, everything depends upon the designer, who can effectively 
damn a structure by a careless arrangement of welding. The 
slight adjustments which make all the difference between a fully 
efficient welded design and one which will not develop its full 
strength due to poor design will be dealt with in a later chapter. 


2. The Effect of the Welding Heat on Steel. 


To understand the effect upon the parent metal of the heat 
generated by the welding process, the fundamental principles 
involved may best be explained by taking a simple analogy. Ifa 
steel rod, of square section, is heated, it will expand in three 
dimensions (see Fig. 3a) and on cooling it will return to its original 
length. _If, however, the same square rod is firmly gripped between 
two steel plates, as in Fig. 3b, and again heated, it is free to expand 
along its length and through its depth, but is restrained from 
expansion in a transverse direction by the pressure of the two 
plates. Finding itself unable to expand in one direction, the rod 
will suffer plastic deformation by an increased expansion through 
its two other planes. Consequently, when the rod cools and 
contraction is complete, it will be found that the rod will be less 
than its original width in the transverse plane. 


A similar, though mucn more complicated, sequence of events 
occurs when a joint is welded. A typical welded joint is illustrated 
in Fig. 4. During the depositing of the molten weld metal, an 
area of the parent plate, of from seven to fifteen times the weld 


WELDED JOINT - DISTORTION. 
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area, is heated by varying amounts. Immediately adjacent to 
the weld, the parent metal is melted by the welding heat and the 
temperature becomes progressively lower, until, at the limit of the 
heat affected zone, the temperature is only slightly above that of 
the unheated mass of the parent plate. 


In most welded work, the heat affected zone is small in com- 
parison with the overall area of the plate, with the consequent 
effect that when the heated area attempts to expand, it is restricted 
to some extent by the expanse of cooler plate outside the heat 
zone. This resistance results in some plastic deformation of the 
joint and the heat affected zone which, on cooling, attempts to 
contract to less than its original width. The area outside the 
heated zone, which previously resisted the expansion of the heated 
metal, is now resisting its contraction. If the work is compar- 
atively light and free to move, then the heat affected zone will be 
the greater of these opposing forces and some form of distortion 
will result. If, on the other hand, the work is heavy, or is rigidly 
held in position, then the contraction stresses set up by welding 
will be insufficient to cause movement. In this latter case, 
however, the opposing stresses will be unrelieved, and will remain 
.in the structure. Providing that both weld and plate are 
sufficiently ductile, as previously explained, it.is possible for this 
residual, or locked up stress to redistribute itself without causing 
failure of the joint. Detailed examples of both distortion and 
locked up stresses will be given later; it is sufficient here to state 
that either of these phenomena will only become apparent as the 
heat zone cools, the reason being that at high temperatures the 
yield points of both the weld metal and the heat affected zone of 
the parent plate are sufficiently low to permit them to adjust 
themselves to the resistance of the area outside the heat zone, 
without setting up opposing stresses. 


3. The Metallurgical Structure of the Weld and the Heat Affected 
Zone. ,-* 


Fig. 5 illustrates a multi-run buttweld and indicates the variety 
of metallurgical structures which are to be found in the heat affected 
zone, from the intensely heated parent metal adjacent to the weld, 
to the zone adjacent to the unheated area. These various 
structures are generally applicable to both mild steels and high 
tensile steels, and are to be found in the vicinity of all welded joints, 
whether fillets or butts. The extent of the heat affected zone 
depends upon a number of factors, including the gauge of electrode 
used, the current employed, and the type and thickness of the steel. 
For steels containing carbon in excess of 0:5% (mild steel contains 
0-23%) special electrodes and welding procedures are necessary 
and the following metallurgical structures will not apply. 
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Referring once more to Fig. 5, the various zones may be described 
as follows :— 


Zone A. 


This is composed of the actual weld metal, and is known as a 
“dendritic” structure, dendrites being the small fir tree-like 
crystal formed as the steel cools slowly. As the faces of the weld 
are the first to cool, the dendrites form from these towards the 
direction of maximum heat, resulting in a columnar structure. 
Providing the weld metal is permitted to cool slowly, the grains 


of steel will be comparatively large and reasonably ductile, so , 


that the metal in this zone will be capable of withstanding all but 
the severest dynamic stresses. If, however, the contraction 
stresses are too high, or if the carbon content of the steel is excessive, 
then this columnar structure may result in a tendency of the weld 
metal to crack. Also, if the weld metal is cooled too rapidly, a 
hard, brittle structure will be formed which will be unable to 
withstand the loading and contraction stresses for which the joint 
was designed. 


Zone B. 


The area of the parent plate immediately adjacent to the weld 
is composed of what is known as “overheated” steel. When a 
steel is heated to welding temperatures and permitted to cool 
slowly, the crystal grains composing the metal tend to reorient 
themselves and to increase in size. This grain growth results in 
a steel which is soft and ductile, the structure being exactly similar 
to that which would be obtained by annealing the steel locally, 
adjacent to the weld. The tensile strength of this zone is average, 
but may be improved by subsequent heat treatment. 


Zone C. 


Is to be found twice in the heat affected zone. This structure 
is present both in the parent metal adjacent to Zone B, and for a 
small depth at the top of one run of weld after the succeeding run 
has been deposited. This zone is the most satisfactory to be 
found in the welding area, possessing as it does good tensile 
properties combined with adequate ductility. As described for 
Zone B, if the heating is continued above a certain critical point, 
which varies according to the carbon content, grain growth occurs ; 
in Zone C, however, the metal has been heated only slightly above 
the recrystallisation temperature and under normal ‘cooling there 
is no opportunity for grain growth to take place. As grain growth 
increases the ductility but decreases the tensile strength of the 
steel, the resulting structure is preferable to that in Zone B, having 
a fine grain size equivalent to that to be found in normalised steel. 
This particular grain structure is so well favoured that it is some- 
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times the practice to normalise the entire heat affected zone by 
subjecting the work to post heat treatment. Although it may be 
advantageous to carry out this heat treatment on specialised work, 
it would be uneconomical to make a general practice of normalising 
all welded structural work. 


Zone D. . 


This area comprises a structure which is satisfactory under 
all. normal load conditions. In Zone D the steel is not close 
enough to the source of welding heat to permit of its being heated 
above the critical temperature required for recrystallisation. For 


* mild steel, incidentally, this critical temperature is in the region 


of 810°-820°C. Although the original grain structure prevails 
in this zone, the heat in the area is sufficient to give stress relief, 
in the event of the grains having been forced into a strained con- 
dition by cold working. 


Zone E. 


This zone represents the maximum extent of effective heating 
caused by welding ; and as such the temperature is far below the 
critical point, therefore no recrystallisation takes place. Although 
the structure of the steel is quite satisfactory in itself, a combination 
of other circumstances makes this zone the most highly stressed 
in the whole heat zone. 


Zone F. 


This is the area of the parent plate which is outside the heat 
zone, but immediately adjacent to it. This zone is subjected to 
secondary stresses, set up by the contraction of the heated area 
on cooling. These stresses, however, will seldom exceed the 
yield point of the material, providing adequate steps are taken to 
counteract them. a) 

The basic factors affecting distortion which have Just been 
described, are rarely to be encountered singly. The use of the 
welding process, by its very nature, generally results in a com- 
bination of these factors. The typical multi-run buttweld, shown 
in Fig. 5 will again serve to illustrate the point. The area heated 
during welding attempts to expand, but is resisted by the greater 
mass of the unheated parent metal. In the zones of maximum 
heat, there is little or no stress until the metal cools to below 500°C., 
as above this temperature the yield point is so low that the heated 
metal adjusts itself to the restraint imposed, by plastic deformation. 
As the heated zone cools, the yield paint of the metal rises and the 
opposing stresses increase. The weld: metal (Zone A) and the 
parent metal at the point of maximum heat (Zone B) attempt a 


greater degree of contraction than the adjacent zones, having 


undergone more plastic deformation. This puts the zone boundary 
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into tension. At the other extreme of the heat zone, the expansion 
and final contraction of Zone E is resisted by Zone F, the area of 
the parent plate adjacent to the heat zone. This results in tension 
at the junctions of Zones E and F. As both Zones A and B are 
ductile in a slowly cooled weld, the stresses here are seldom ex- 
cessive. In Zone E, however, the metal has not been annealed 
by the welding heat and is subject to the accumulated stresses of 
the heat zone. It is for this reason that almost any welded test 
piece, subjected to a tensile test, will fracture at the junction of 
Zones E and F. Providing that a planned welding procedure 
is adopted, however, this zone should not, under normal loading, 
be subjected to stresses sufficient to cause fracture. As the two 
extremities and the centre of the heat zone are in tension, it follows 
that the intermediate zones are in compression. 

As a final point on this subject, it should be noted that the 
zones most subject to brittleness under too rapid cooling are 
Zones C, B and A, in that order. 

It must also be emphasised that the metallurgical structure 
of the heat zone is extremely complicated. The above notes are 
intended as a broad guide, but research is still proceeding and much 
has yet to be discovered upon this subject. 


CHAPTER II. 
TYPES OF DISTORTION. 


In dealing with any complicated welded structure, it must be 
accepted as a regrettable fact that either distortion or locked up 
stress is bound to be present in the structure in some degree. It 
is the responsibility of the welding designer to guide the natural 
stresses set up during welding into the least harmful channels. 
As in many other things, success is effected by means of a com 
promise. Distortion may often be eliminated at the experise of 
increased residual stress, or vice versa, but the most satisfactory 
state is obtained by reducing both to a minimum, although it may 
be found impossible to completely eliminate either.. 

Having studied the basic factors causing distortion, the next 
step is to examine the types of distortion caused by the welding 
process. The four types of distortion to be found in a welded 
joint are illustrated in Fig. 6. They are: (1) angular distortion ; 
(2) shrinkage across the weld ; (3) longitudinal distortion; (4) 
throat shrinkage. Of these, No. 4 has sa little practical effect 
on distortion that it may conveniently be ignored. 


_Angular Distortion, 


May be illustrated by a multi-run buttweld, see Fig. 6a. 
Provided that the joint is not too rigidly held, the contraction of 
the first run will merely draw the plates together, without causing 
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distortion. The succeeding runs will cause considerable distortion, 
as the first run will attempt to resist the contraction of these 
subsequent runs, which, by their combined contraction stresses, 
create a superior force which tends to lift the edges of the plates 
in an upward direction. The top runs will have little effect on 
‘the amount of distortion caused, as by the time they are deposited 
the preceding runs are sufficient to provide an anchor against the 
contraction stresses exerted by the top runs. 

In welding a single run, veed buttweld, the resulting distortion 
will also tend to lift the plate edges in an upwards direction, due 
to the higher contraction stresses imposed by the larger amount - 
of heated weld metal at the top of the vee. . 

For welding thicker plates, a double veed joint preparation is 
recommended (see Fig. 6b). If the runs of welding are deposited 
in the upper and lower vees alternately, the tendency towards 
distortion caused by the contraction of the welds in the upper vee 
is counteracted to a large extent by the. opposing contraction 
stresses in the lower runs, and vice versa. : 

The angular distortion described for buttwelds is equally 
troublesome in a fillet welded joint. Fig. 6c shows the tendency 
towards angular distortion resulting from fillet welding. As in 
the case of buttwelded joints, the greater the number of runs 
employed, the more acute is the distortion. 


Shrinkage Across the Weld. 


Some aspects of lateral shrinkage across the weld have already 
been discussed at some length. If the plates in Fig. 6 are free to 
move, and a reasonable and regular gap is left between them prior 
to welding, it is unlikely that the shrinkage across the weld will 
have any adverse affects. _ It is well to note, however, that if the 
plates are to be finished to accurate dimensions, this contraction 
must be allowed for. : 

If the plates are rigidly restrained, the stresses are increased 
due to the contraction of the weld, and some plastic flow will occur. 
The greatest strains imposed on the weld metal are in a longitudinal 
direction, but it must have sufficient reserves of strength to .with- 
stand the stresses imposed by shrinkage across the weld. It is 
only when the restraint is close to the weld and the materials are 
low in ductility that fracture is likely to occur, so that if there is 
sufficient plate area between the point of restraint andthe weld, 
the stresses imposed should be well within the safety factor of a 
ductile material. | pe + me WS . 
Longitudinal Distortion. (fo. £2 Lee ae es 

This is a most complicated subject,,as.the longitudinal distortion 
is also effected to some extent by the stresses set up by angular 
distortion and shrinkage across the weld. In welding along a 
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joint there are several. areas under varying degrees of expansion 
and contraction as the electrode is deposited. These areas set 
up.a complicated system of opposing stresses, the greater proportion 
of which act in a longitudinal direction. Due to the action of the 
other shrinkage stresses described, the: weld and adjacent plate i in 
a longitudinal direction may; in some cases, be under compression 
at the ends, and in tension at the middle of the joint, whilst in 
others the reverse is the case. Dangerous lacked up stresses or 


buckling of the plating may result. 
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A factor which has an important bearing upon the amount of 
longitudinal distortion caused by welding is the distance of the 
weld from the neutral axis of the member. If the stresses due, 
to welding are applied at a point some distance from the neutral 
axis, then the member cannot remain in equilibrium due to the 
eccentricity of the additional stresses, and distortion is therefore 
inevitable. The designer must bear in mind that the closer the 
welding can be deposited to the neutral axis, the less will be the. 
amount of longitudinal distortion. The illustrations given in 
Fig. 7 will serve to make this point clear. ‘Longitudinal stresses 
in the weld ‘are normally very close to the elastic limit of the 
material, but-this situation may ‘be alleviated by mechanical. or 
heat treated stress relief. ~ ae ne. 2% 

Whether a welded joint will impose distortion, or locked up 
stresses upon a structure depends to a large extent upon the type 
of joint and its relative freedom of movement during welding. 
In this respect, joints may be roughly divided into four main — 
categories :— a . 
1. Non-rigid Joints. 

These are joints which are free from restraint in any direction, 
so that the maximum freedom of movement is permitted during 
welding. Although no locked up stresses will result, distortion 
is inevitable with such joints unless active counter measures are 
adopted. a : 


2. Semi-rigid Joints. 

» Joints in this category are those which are free to rove in at 
least one direction, ¢.g., a butt weld tacked at one end only. 
Distortion will thus be reduced to some extent, but residual stresses 


will be present to an extent depending upon the degree of restraint 
and the thickness of the plates to be welded. 


3. Rigid Joints. — 

Are those which are firmly held throughout their length. A 
typical example would be a tack welded butt joint. Although 
distortion may be reduced by the restraint imposed, some locked 
up stress cannot be avoided. . 


4. Fixed Joints. ia 


This type of joint should be shunned by both the welding 
designer and the welding engineer, although there are occasions 
when its use becomes unavoidable. A fixed joint is one in which 
thé plates have no freedom of movement in any direction. An 
example where the use of a fixed joint is unavoidable, is that in 
which a circular hole is cut in a plate to remove a defective portion, 
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the hole being filled in by a circular plate fitted flush and buttwelded 
to the original plating. It will be seen that in this instance the 
contraction stresses set up by welding will be acting all round the 
circumference of the circular plate, and will be resisted by the 
plating outside it. As there can be no freedom of movement 
under these circumstances, distortion and locked up stresses are 
the natural result, unless adequate precautions are taken. . 
It will be obvious from the foregoing notes on the various ways 
in which distortion may manifest itself, that whatever steps are 
taken to alleviate distortion or locked up stress, some form of 
compromise must be effected. If the joint has freedom of move- 
ment ‘during welding, it is difficult to avoid distortion. If the 
joint is too rigidly restrained, stresses will be locked-up in the joint 
and adjacent plate. Of the several methods open to him, it is 
the duty of the welding designer or welding engineer to find the 
most satisfactory compromise between these two extremes. This 
is not to say that it is possible to eradicate completely either 
distortion or locked up stress, but the methods outlined in the next 
chapter will help to minimise these troubles to such an extent that 
the welded structure will suffer no ill effects either in strength or 
appearance. ; 


CHAPTER III. 
THE CONTROL OF DISTORTION AND RESIDUAL STRESS. 


Remedial measures which may be applied. to control the extent 
of distortion and locked up stresses may be roughly divided into 
seven categories. It should not, however, be assumed that these 
categories fall conveniently into distinct and independent groups, 
as it is the general practice for both the designer and the welding 
engineer to combine a number of these measures in order to obtain 
the best results. : 


1. Effect of Wold Size, Current and Gauge of Electrode. 


These have been touched upon in the foregoing pages in ex- 
plaining the causes of distortion. The general rules concerning 
the effect of weld size, current and gauge of electrode may be 
summarised as follows :— 


(a) The larger the individual weld size, the greater will be the 
distortion. On the other hand, a number of small runs 
will cause greater distortion than one large weld, as the 
contraction stresses in the former case are cumulative. 

It is usual to specify one large weld in preference to a number of 
small ones wherever practicable. 
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(6) It follows from (a) that in depositing a large weld, the 
maximum practicable current should be used, together 
with the largest possible gauge of electrode. In this way, 
the adjacent plating is heated over a wide area and the 
contraction stresses are more evenly distributed, which 
results in a reduction in the extent of distortion and locked 
up stress. . 


It should be pointed out, however, that the amount of welding 
should always be kept to a minimum, consistent with strength 
requirements. A typical example of this point is illustrated in 
Fig. 8. Ifa plate 15” x4” is fillet wélded to a vertical plate 1” 
in thickness, the welds being of 3” leg length, there will be a notice- 
able distortion of the 3” plate. If the welds are reduced to ~” 
leg length. then the distortion will be negligible. Alternatively, 
if the horizontal plate is increased to 1” in thickness, and the fillets 
are of +,” leg length, there will again be little distortion. If the 
strength of the joint under loading is adequate, it is a good rule to 
restrict the size of the fillet weld to 4 the thickness of the plate to 
eliminate distortion. In the example quoted, the first illustration 
shows that in a large fillet weld the contraction stresses are such 
that a comparatively thin member is forced to distort. The 
second and third illustrations prove that the heat input must be 
related to the thickness of the plate if distortion is to be minimised. 
There are, of course, numerous instances where this is impracticable, 
in which casés other means of controlling distortion must be 
employed. 


2. Presetting of Plates and Sections. 


One obvious method of counteracting distortion in a welded 
structure is to allow for the estimated deformation by presetting 
the plates prior to welding. Fig. 9 illustrates a number of ways 
in‘which this may be carried out. The simplest example is that 
of a fillet welded fabricated tee piece, in which the horizontal 
flange is preset upwards at the edges, on the opposite side to the 
fillet welds, so that aftér welding is completed the contraction 
stresses will pull the horizontal flange level. Any stiffener of 
considerable length, which is to be welded to a plate, whether the 
linal shape is to be cambered or straight, can be treated by pre- 
setting to avoid distortion (see Fig. 9a). Buttwelded plates may 
be preset as in Fig. 9b. In the case of a fabricated ‘I’ bar (Fig. 9c) 
it will be found that, even though the fillets are of a similar size, 
the welding of the second flange will not adequately counterbalance 
the distortion resulting from the welding of the first. Either a 
larger weld, with increased current, should be used in joining the 
second flange to the web, or alternatively, the joint-should be 
designed so that the weld to the lower flange is about twice as far 
from the neutral axis as that for the upper flange. 
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In the case of a curved member welded to a curved plate, some 
form of presetting is desirable if the member is to conform to a 
required shape after welding. Two typical examples of curved 
members are (1) the deck beams of a ship, which are cambered 
down at the ship’s side to facilitate drainage, and (2) the transverse 
framing of a ship, which must adhere strictly to the curvature of 
the designed hull form. It will be obvious that if these members 
were to be set exactly to the required curvature, in welding them 
to the plating, the ensuing contraction stresses would tend to 
straighten the sections. To obtain the necessary shape after 
welding is completed, it is common practice to anticipate the effect 
of the contraction stresses, by giving the section a proportionate 
amount of excess camber before commencing to weld (see Fig. 9d) 
The exact amount of excess curvature required can only be deter- 
mined by experiment, as the final contraction is dependent upon 
so many variable factors. These include the length of span; the 
amount of curvature; the size, thickness and shape of the section 
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employed; the thickness of the plating to which it is attached ; 
the size of the welds, their position in relation to the neutral axis 
of the member, the current employed, and the sequence of welding. 

In welding the transverse framing to the hull plating of a ship, 
further complications are encountered, due to the fact that the hull 
form at the ends of the vessel normally takes.a double curve, like 
a modified letter “S.”” The contraction stresses occasioned by 
welding will, in this case, tend to flatten out the junction of the two 
curves. Remedial measures in this instance will depend largely 
upon the sequence of welding employed. -In the majority of cases 


é 
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the practice is to give one curve eXxCess camber and the other 
reduced camber, as shown in Fig. 9e, but when using some sequences 
the opposing stresses may be neutralised by giving both curves 
excess camber. It frequently happens, however, that presetting 
of a double curved member may be avoided entirely, by adopting 
a wandering sequence (for details of which see later) and com- 
mencing to weld at the junction of the two curves, working out on 
each side. 

If two curved, prefabricated members of a structure are identical 
in shape, and are welded independently, there is a tendency for the 
members to “spring” after welding is completed, and the clamps 
removed. 

This tendency may be remedied as shown in Fig. 9f. Two 
curved members, of a prefabricated TEE section are indicated, 
the section being composed of a flat bar welded at right angles to 
a web plate. | The web plates are tacked together at their base, 
and clamped together at their extremities. The flat bar riders 
are then lightly tacked or clamped to the web plates. To avoid 
springing of the members after welding, what is known as 
“simultaneous welding” is carried out. This involves the employ- 
ment of two welders in welding the riders to the web plate, both 
commencing at the joining tacks at the base, and each working 
simultaneously and symmetrically towards the wing extremity of 
his own section. In this manner the contraction stresses are 
balanced and the required shape may be maintained. 

When welding is completed, the joining tacks at the base of 
the wing pieces are cut away, and the wings erected in their 
respective positions on the main unit (see Fig. 9g). The risk of 
distortion may be still further guarded against by using simultaneous 
welding in association with a wandering sequence. 

Simultaneous welding is also of value when welding the pre- 
fabricated frames, described above, to the plating. 

The great disadvantage of presetting or precambering as a 
means of reducing distortion is the difficulty of gauging with 
accuracy the estimated contraction stresses. This question may 
appear to the designer to be entirely practical and thus of little 
concern to him, but some firms have evolved, as a result of long 
experience, a comprehensive table of allowances required for 
presetting. If the designer has access to such information, it can be 
of the greatest assistance in his work. Normally the table is 
based on the contraction measured from actual test pieces, and 
gives the estimated presetting required under a variety of con- 
ditions, including varying thicknesses of sections joined, size of 
weld employed, the current used, the length of the joint and the 
position of welding. 7 

In spite of the careful tabulation of results, however, a sudden 
variation in atmospheric temperature, combined with the vagaries 
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of the -human element involved, may be sufficient to upset the 
estimated’ allowances.‘ 7 j 
“Summing up, ‘a table of estimated presetting allowances can 
be of invaluable assistance, providing that it is used only for work 
which does not require extremely accurate finished dimensions. 


3, The Allowance of Additionai Material to Compensate for 
Contraction. : 


. .Although ‘the result is not so troublesome as in other forms of 
distortion, the question of the contraction of the welded material 
merits some consideration. It has been described how, due to 
the restraint imposed by the area outside the heat zone, the heated 
' metal tends to contract to less than its original length. Unless 
due allowance is made for this tendency, accuracy in welded con- 
struction will prove impossible. This, again, is a question which 
the designer may consider to be outside his sphere, but if he’is 
responsible for ordering the material, he must ensure that the 
plates and sections have sufficient allowance to permit of con- 
traction and still retain the desired size. As in the presetting of 
plates, many welding authorities have set down a table of estimated 
contractions for.various types of joint welded under varying 
conditions. The. contraction in length of a plate during welding 
may be taken as approximately +,” in ten feet, but this figure is 
subject to variation according to the general welding conditions. 
However, a table of contraction allowances may be compiled by 
experiment, which will be quite accurate enough for all general 
purposes, and if extreme accuracy is required, contraction may be 
offset by other methods. -In one method, the material is ordered 
slightly longer.and wider than is actually required, stiffeners being 
welded at intervals along the plate, approximate allowance being 
made for the slight contraction between stiffeners so that the 
correct spacing is maintained... To ensure the maximum accuracy, 
the centre stiffener should be welded first, the remainder being 
welded alternately on each side. When completed, the stiffeners 
will be fairly accurately spaced, but the overall dimensions of the 
plate will be found to have contracted due to welding. With the 
extra allowance on the plate size, it is then a simple matter to-mark 
off the required finished size of the plate and to burn off the excess 
material. “ Although this method involves a slight increase in the 
cost of material, nevertheless it presents a considerable saving of 
time in the drawing office, as no tedious table of contraction 
stresses is required. ' | 
4. Clamping, .Tacking and Wedging. 

One of the simplest illustrations of distortion is that of two 
flat plates joined by a single run buttweld. During the progress 
of welding, the free ends of the plate butt will. either open-out or 
close up in front of the weld unless suitable precautions are taken 
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If a small electrode, slow speed and low current are employed, 
then during welding there will be, on each side of the joint, a 
comparatively small heat area expanding and a considerably larger 


area which is cooling and contracting. The contraction area, - 


therefore, exerts the superior force and the plates tend to draw 
_ together in front of the weld. : 

Conversely, if large gauge electrodes, high welding speed and 
high currents are used, then there will be a large area of expanding 
metal and a much smaller area of contraction. Thus the expansion 
area exerts the superior force and the plates will open out in front 
of the weld as it progresses. 

These and most other forms of distortion may be kept within 
reasonable limits by means of wedging, tacking or clamping. 
If the plates tend to draw together as the weld progresses, the 
gap may be uniformly maintained by inserting a wedge into the 
open end, and removing it when the welding approaches the end 
of the joint. When the plates tend to open out in front of the 
weld, the remedy is simple. By tack welding the plates at intervals 
along the length of the joint, sufficient restraint is, imposed to 
overcome the tendency of the gap to widen. Alternatively, either 
case may be dealt with by efficiently clamping the joint to prohibit 
excessive movement of the plates during welding. 

_ Although clamping, tacking or wedging will do much to control 
distortion, care must be taken to ensure that, in reducing distortion, 
residual stresses are not unduly increased. Tack welding can be 
the greatest offender in this respect. If the tacks are too long, 
too heavy or too closely spaced, there is considerable danger that 
the restraint they impose will be excessive and the member may 
subsequently fracture under loading due to the locking up of the 
contraction stresses. However, used in moderation, tack welding 
may be of the greatest advantage. It should be the responsibility 
of the draughtsman, if tack welding is employed, to state specifically 
on the drawings the size, length and spacing of the tacks. This 
information is dependent upon the thickness and quality of the 
plates to be joined. The size of the tack should be generally not 
less than the size of the finished weld, if it is to remain and be welded 
over. The length and spacing of tack welds should be about 2” 
of weld at 9” intervals for light plate of approximately #,” in thick- 
ness, increasing with plate thickness to about 4” of weld and a 4” 
gap for 3” plating. In using fillet tacks, chain spacing is to be 
preferred to staggered spacing. It is preferable, however, to use 
very short tacks up to 1” in length, spaced about 6” apart, and to 
cut these out as welding proceeds. Although this is a more 
expensive procedure, the small tacks will crack under heavy stresses 
while still imposing sufficient restraint to curb distortion, thus 
reducing the danger of cracking in the final weld. With this 
method a wandering sequence is used for welding. 
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With regard to clamping as a means of controlling distortion, 
a variety of gadgets may be improvised with very little expenditure 
of time and money. Clamping is to be preferred to tacking, as 
clamps may be so arranged that the joint is permitted a limited 
freedom of movement, the principle being that the clamp is welded 
or fixed only on one side of the joint. This reduces the possibility 
of locked up stress but permits a reasonable control of distortion. 

Although the draughtsman is not primarily concerned with 
methods of clamping, which are normally a works responsibility, 
it is important that he should be conversant with the types of 
clamp employed. Typical examples are illustrated in Fig. 10. 

_ Wedges, which may be used independently, or in conjunction 
with clamps, may be of either wood or steel. Wood is the more 
generally used material, and in the welding of castings it is essential, 
as a steel wedge would be too rigid for such brittle material. 


5. Mechanical Stress Relief. 


It has already been pointed out that, providing the weld metal 
and the parent material possess good ductility, if part of the 
structure tends to yield under loading, the stresses will redistribute 
themselves satisfactorily. 

Deliberate advantage is often taken of this fact, and stress 
relief by mechanical loading is frequently practised in the fabrica- 
tion of welded pressure vessels and other structures. 

In the construction of pressure vessels, the thickness of the 
plates employed is such that the possibility of excessive distortion 
is small, providing adequate precautions are taken. On the other 
hand, locked up stresses are often present in the finished work 
and these must be relieved if the vessel is to satisfactorily with- 
stand severe stresses in service. 

The yield point of mild steel, it will be remembered, is 16 to 18 
tons per square inch, and the U.T:S. is 26 to 30 tons per square 
inch. The yield point of a mild steel electrode is in the region of 
25-29 tons per square inch, with a U.T.S. of 33-34 tons per square 
inch. During the cooling of the welded joint, both weld metal 
and adjacent plate undergo plastic deformation caused by the 
restraint of the metal outside the heat zone. This generally 
means, in effect, that both weld metal and plate are stressed 
locally up to the yield point of the material even before the applica- 
tion of any external load. The areas so stressed are in tension, 
whilst a strip between the weld and the edge of the heat zone is in 
compression. The plate beyond the heat zone should be stable, 
in neither tension nor compression. The arrangement of stresses 
will be somewhat as illustrated in Fig. 11, which shows a form of 
stress-strain diagram indicating the conditions as welded, and the 
behaviour of the joint under subsequent loading. If an increas- 
ingly heavier load is applied to the pressure vessel, up to the yield 
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point of the base metal, the stresses at the various points illustrated 
will rise gradually until all the points will meet, with the exception 
of that for the weld metal, which, as already stated, has a slightly 
higher yield point. If, when the yield point of the base metal is 
reached, the load is removed, it will be found that the stresses 
locked up in the joint and the adjacent plate will be quickly 
relieved. This is due to the stresses having been redistributed 
throughout the whole surface of the plate under loading. It will 
be seen that there will be practically no stress left in the adjacent 
plate, and very little in the weld. The stress that does remain 
will be less than the difference between the respective yield points 
of the weld metal and the plate. 


The efficacy of this treatment depends upon four factors :— 


(1) The weld must be 100% efficient. 
(2) The load stress must be uniform. 
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(3) The weld metal and base metal must be ductile. 

(4) Observing all the above, then no part of the vessel can 
exceed the yield point of the material until the whole of the 
vessel has been stressed to the yield point. Asan adequate 
factor of safety is employed in designing the pressure vessel, 
service loading should never exceed the yield point. 


6. Stress Relief by Heat Treatment. 


When stresses are locked up in a structure, whether by welding 
or by other means, such as cold forming, etc., the grains of which 
the steel is composed are in a strained and elongated condition. 
One method of relieving these stresses is by heat treatment, which 
gives a similar structure to that described for Zone D, Fig. 5. 

If the work is heated to about 600°C., the temperature is in- 
sufficient to cause recrystallisation or grain growth, but the yield 
point is lowered sufficiently for the grains of the metal to regain 
their original shape, thus constituting stress relief of the material. 
The steel should be held at this temperature for about one hour 
for every inch of thickness of the material, and then allowed to 
cool slowly. The temperature for stress relieving must be 
accurately regulated, as if the 600°C. temperature is exceeded 
there is a tendency towards grain growth, with the consequent 
danger of weakening the material. [or this reason it is essential 
that stress relieving by heat treatment should be carried out in 
suitably controlled furnaces, by efficient and experienced labour. 
Rough and ready, hit or miss heat treatment of a welded structure 
is dangerous and should always be avoided. Consequently this 
treatment is adopted for specialised work only, and is not normally 
carried out on general structural or shipbuilding work on economic 
grounds. The type of welded work on which stress relief by heat 
treatment may be used with advantage includes the following :— 


(a2) Parts which are subjected to fluctuating working stresses 
and which include points of excessive stress concentration. 

(b) Welded joints having very large welds, which, owing to 
the requirements of the structure, have been deposited 
under conditions of extreme rigidity. 

(c) Work in which absolute accuracy of the final dimensions 
is essential. 


Normalising and annealing treatments are not necessary in 
the general run of welded work, unless, for metallurgical reasons, 
a refined grain structure is considered a necessity. The treatment 
for annealing and normalising is similar to that effected by the 
welding heat in Zones B and C, Fig. 5. Annealing consists in 
raising the work to a temperature of about 50° above the re- 
crystallisation point (that is about 870°C. for mild steel) and 
allowing the metal to cool slowly in the furnace. The average 
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time at which the work should be held at the annealing temperature 
is one hour per inch of thickness. This treatment results in a 
soft and ductile structure. Normalising consists in raising the 
work to a temperature equal, or slightly below, that required for 
annealing, and allowing the structure to cool slowly in still air. 
This slight quickening of the cooling rate results in an improved 
grain structure having greater strength than annealed steel. It 
is interesting to note that where a long section has been welded 
at only one point along its length, and has freedom of movement, 


local heat treatment of the joint is usually sufficient to relieve 
stresses caused by welding. 


For most welded structures, however, preheating of the joint 
is to be preferred to heat treatment after welding, as besides being 
equally as efficient, it is more economical. Preheating is especially 
valuable on steels containing carbon in excess of 0-25% and on 
thick material. In these cases preheating to about 100°C. elimi- 
nates the danger of cracking during or after welding, which may 
be present due to insufficient heat input to lower the yield point 
sufficiently to accommodate the subsequent contraction stresses 
in the adjacent plate. In very cold weather, all welded joints 
should be preheated, and in all cases cooling should be allowed to 


proceed slowly, as abrupt changes in the temperature of the weld 
may result in cracking. 


7. Welding Jigs and Manipulators. 


If sufficiency of orders justifies the quantity production of welded 
fittings, the use of jigs and manipulators assists greatly in the control 
of distortion. For small fittings, of which only a few are required, 
the construction of simple jigs may justify the expense involved, 
by permitting accurate assembly in a very short time. Where 
large fabricated units are involved, as in shipbuilding or structural 
engineering, the use of jigs seldom justifies the cost incurred unless 
a large number of identical structures are required. 


There are many industries, however, in which the welded 
fabrication of medium sized fittings can be greatly facilitated 
by the use of properly designed jigs or manipulators. In applying 
the use of jigs to welded prefabrication, it is usual to design a steel 
framework, into which the parts to be welded may be fitted and 
secured. In a good jig design, the jig should hold the members 
in position, retain the shape desired, and provide adequate access 
for welding in the most efficient position, viz., downhand. 


To this latter end, some jigs are designed on a wheel principle. 
A welded crane gantry, or a fabricated girder of considerable 
length, for example, may benefit by the use of these “wheel” type 
jigs. These are constructed with a circular rim, with “spokes”’ 
of channel or angle bar section welded and bolted across the 
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diameter. A number of these wheels are spaced at intervals on 
the welding skids and securely clamped to the work to be welded. 
The girder can, in this manner, be turned with comparative ease, 
to ensure the maximum amount of downhand welding. When 
the welding is completed, the ‘‘wheel’’ jigs may be unbolted and 
dismantled. 

In designing a jig for welded work, it must be remembered that 
all such work tends to contract and distort, and precautions must 
be taken to ensure that the work does not wedge in the jig. A 
basic principle of jig design is the easy removal of the work from 
the jig after welding is completed. 

Manipulators are based on the jig principle, but are of more 
complicated design. A jig may be composed of two or three 
odd pieces of plate, but a manipulator is a scientifically designed 
machine, usually power driven, its function being to accommodate 
a variety of heavy shapes on a table, which may be turned at the 
press of a button to position all faces of the work in the downhand 
position for welding. Manipulators are in operation which will 
accommodate welded units up to 25 tons in weight. 


A most economical method of self-jigging, which greatly assists 
in maintaining shape during welding, is the “egg box’’ type of 
construction. This is illustrated in Fig. 12. The longitudinal 
plates are slotted at the bottom in way of the transverse plates, 
for half the depth of the plate. Similarly, the transverse plates 
are slotted at the top for half their depth at their junction with 
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the longitudinal plates. In this way the plates may be interlocked 
one with the other, so that during welding the work will automat- 
ically maintain its shape. 

Another factor in favour of this method is that both transverse 
and longitudinal members may each be in one plate, thus affording 
continuity of strength. 


This method may be applied with confidence to a number of 
welded structures, such as bedplates, machine frames and many 
units required in ship construction. 


8. Welding Sequences. 


Used in association with procedures 1 to 4 and 7, welding 
sequences are among the most commonly employed methods of 
controlling distortion and locked up stress. By a judicious 
combination of these procedures, accuracy and fairness can be 
obtained, and in this the welding sequence plays a major part. 


Firstly, what is a welding sequence, and what are the advantages 
to be gained from its use? A welding sequence should give the 
order in which each increment of weld is deposited, and, of equal 
importance, the order in which each sub-assembly is erected and 
welded. The time employed in planning a detailed welding 
sequence is more than justified if distortion and residual stress 
can thereby be reduced, as far more time is required to correct 
distortion once it has occurred than is necessary in planning to 
prevent it. Welding sequences are, therefore, employed in three | 
different stages of fabrication :— 


(1) The sequence adopted in welding each individual joint of 
a sub-assembly. 

(2) The sequence employed in constructing the prefabricated 
units. 

(3) The sequence used in joining one prefabricated section to 
another. 


The two types of sequence most generally employed are the 
“stepback” and the “‘wandering’’ sequence, both of which are 
illustrated in Fig. 13. In the “‘stepback’’ sequence the increments 
of welding are deposited individually in a direction opposite to 
that in which the welding is progressing, 7.e., in welding from left 
to right, each short run of weld metal is deposited working from 
right to left so that each increment stops where the previous one 
started. 


A “wandering” sequence is adopted by depositing the first 
increment at the mid length of the joint, and arranging the succeed- 
ing runs in a numbered sequence and a symmetrical pattern on 
each side of the first. No set order is necessary for these 
‘‘staggered’’ deposits, providing always that each increment is 
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arranged as far as possible from the preceding one. _It is also the 
usual practice to weld the increments at each end of the joint 
working from the edge inwards. 


The general principle behind both “‘stepback”’ and ‘“‘wandering”’ 
‘sequences is the same. In each case the order of welding has been 
arranged so that one increment has reached the stage of cooling 
and contracting by the time the next adjacent increment is 
déposited. This constant repetition of adjacent zones of expansion 
and contraction results in alternate zones of tension and compression 
which tend to cancel out and localise the heat effect, thus main- 
taining the joint in equilibrium and controlling distortion. If the 
joint were to be welded straight through, without a break, the 
stresses set up would be cumulative and unbalanced and distortion 
would occur. 


The question of symmetry of welding is of paramount importance 
in designing a satisfactory welding sequence. A weld on one side 
or at one end of a joint will obviously cause less distortion if the 
stresses set up are immediately counterbalanced by a similar weld 
deposited opposite to it. 


Before investigating the more complicated sequences employed 
in welding a complete prefabricated unit, two more examples of 
individual welding sequences may be described. The first is 
illustrated in Fig. 14a. The situation is frequently encountered 
in many industries employing the welding process, of a circular 
hole in a plate, which is to be filled by a flush, buttwelded patch 
plate. . 


As previously mentioned, if no precautions are taken in welding 
_ a joint of this type, the patch is subjected to contraction stresses 
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in all directions, and cracks are liable to occur either during, or 
immediately after, welding. A modified form of stepback sequence, 
as illustrated, is imperative in such cases, and each run should be 
allowed to cool before depositing the next. Contraction stresses 


_ may also be relieved by ‘“‘doming”’ the insert by an amount sufficient 


to offset the cooling stresses, so that on cooling the insert will be 
pulled flat. 

The second example concerns the building up of a worn out 
shaft, Fig. 14b. It will be apparent that the shaft cannot be 


' restrained or precambered to counteract welding stresses, as it is 


essential that the work should be kept as straight as possible for 
subsequent machining of the weld metal. If the shaft were 
restrained, the residual stresses would probably cause distortion 
the instant the restraint was removed. If -precambering were 
adopted, it is extremely unlikely that a sufficiently accurate — 
estimate could be made to ensure a perfectly straight shaft after 
welding is completed. The sequence illustrated is the most 
practical solution of the difficulty, and is a further example of the 
counteraction of one stress by applying another of opposite and 
comparatively equal strength. The first deposit should be laid 
along the length of the shaft, the shaft should then be turned and 
a further deposit should be laid immediately opposite to the first. 
The third weld should be deposited at 90° to the first and second 
and the fourth on the opposite side to the third. This sequence 
is repeated until the shaft is symmetrically built up to the required 
diameter, when it is then ready for machining. ~ 

Variations of these basic sequences are legion, but as long as 
the underlying principles of compromise and counterbalance are 
faithfully adhered to, the result should effectively control the 
amount of distortion and locked up stress. 


CHAPTER IV. 
WELDING SEQUENCES FOR PREFABRICATED UNITS.. 


In designing a welding sequence for any prefabricated anit, 
whether large or small, certain cardinal rules have to be borne in 
mind :— . | 
*. (a) Welding should commence at a central point (if possible 

at the neutral axis) and work symmetrically outwards in 

. all directions. © a. - pe 

(6) The weld should always proceed from a fixed, or restrained 

area and work towards a free area. 
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(c) 


CONTROL OF DISTORTION IN WELDED STRUCTURES 


Joints which may be expected to provide the heaviest 


. contraction stresses should be welded -first, t.¢., butts 


(2) 


(e) 


should always be welded before fillet welds in the same 
area. 


A horizontal buttweld in a vertical plane should never be 
carried beyond an unwelded vertical butt. Similarly, 
on a flat surface, a longitudinal butt should not be welded 
beyond un unwelded transverse butt. In either case the 
restraint imposed by the first weld would have an adverse 
effect on the second. 


Buttwelds in stiffening members should be completed 
before the stiffening is connected to the plating. 


Bearing the above rules in mind, the arrangement illustrated 


Fig. 15 may be taken as a simple example of the employment 


of a welding sequence. 


t 
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Specifically, this arrangement is to be found on welded ships 
in the connection of two adjacent prefabricated keel units to the 
shell plating. It may serve equally well for the connection of any 
prefabricated joist stiffeners to a plate member. 


The order of welding should proceed as follows :— 
(1) Adopting principle (c) above, weld the butt of the bottom 


plates, which probably will be of the double veed type. 
A wandering sequence should be employed, commencing 
at the centre of the joint and working out each side. The 
lower vee should be welded concurrently with the upper 
to avoid distortion, but bearing in mind that the underside 
of the first run in the upper vee will require to be chipped 
out to clean metal before the first run of lower vee jis 


eo 
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(2) 


(3) 


deposited. It should be noted, too, that in way of the 
bottom rider, the butt of the shell plate will require to be 
welded completely through from the underside. For this 
purpose it is essential that the gap betweeit the shell plates 
should be specified of sufficient-width to permit the entry 
of the electrode and ensure adequate penetration of the 
bottom rider. - _ 
Next in order, the bottom rider butt should be welded, 
commencing from the vertical plate and welding out on 
both sides. If the bottom rider is wide, a short stepback 
sequence should be employed. Care must be taken to 
ensure that sufficient penetration is obtained in the portion 
of the bottom rider butt immediately under the vertical 
keel plate. _ 
Weld the vertical plate butt. It is essential that this 
joint should be welded before the top rider butts and 
connections, as otherwise the vertical joint would be held 
between two rigidly fixed members, and the locked up 
stresses caused by the contraction of the weld in the 
vertical plate would be so severe that a subsequent light 
hammer blow on the joint might ‘be sufficient to cause 
fracture. The welding of the vertical butt should com- 
mence at the bottom of the plate and proceed vertically 
upwards. 

The butt of the top rider should be welded next, using a 
modified stepback sequence. 

In prefabricating the integral parts of these two units 
prior to their erection and connection together, the vertical 
girders will have been left unwelded to the horizontal 
plates for a distance of twelve to fifteen inches on ‘each 
side of a plate butt. Similarly, the top and bottom riders 
will be unwelded to the vertical plate for a like distance 
on each side of the rider butts and the butt in the vertical 
plate. This precaution is adopted to ensure adequate 
freedom of movement during the welding of the butts 
joining the two units. Of these unwelded lengths, the 
connection of the bottom rider to the vertical plate should 
be the next in order of welding, and a wandering sequence 
should be adopted. | _ 

Next, the unwelded connection of the top rider to the 
vertical keel should be completed, also using a wandering 
sequence.. 

Having by now completed the welding of the stiffening 
member, as stated in principle (e) the final connection is 
that of the unwelded portion of the bottom rider to the 
ee plate. Here, again, a wandering sequence is 
used. 
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A planned sequence should be incorporated in all drawings of 
welded work and for the more complicated structures the 
subject must be dealt with at some length. As an example 
of a welding sequence for a large prefabricated unit, the section 
of an all welded ship provides an illustration of the complex nature 
of the problem. Similar examples will be found in many other 
branches of engineering and may be dealt with on common grounds, 
but the double curvature of a ship’s hull presents a difficult problem 
in the control of distortion and should provide an instructive 
example. : 

Fig. 16 illustrates a bottom hull unit, which comprises shell 
plates, vertical keel and flat keel (as one unit) floors and longitud- 
inals, all of which are prefabricated separately prior to being 
clamped into position for the welding of the unit. Egg-box 
construction is used to give the maximum self jigging effect. 
Before developing a welding sequence for this unit step by step, 
it should be made quite clear that the following sequence is not 
the only possible one. It is possible to devise half-a-dozen 
sequences, all embodying the fundamental principles here outlined, 
but differing in degree according to the specific requirements of 
the job. Minor deviations for the sake of expediency are per- 
missible, providing the basic principles are faithfully followed. 

Taking the unit illustrated, a typical welding sequence would 
proceed as follows :— 

(1) Weld the floors to the vertical keel, commencing with the 

floor at mid-length and working alternately forward and 
aft. Each floor should be welded from the flat keel, 
working vertically upwards. , | 

(2) Weld the connections of the floor top riders to the vertical 

keel top rider, once again commencing with the rider on 
the centre floor of the section and working alternately on 
~ each side. 

(3) Weld the inboard side of the floors to the first longitudinal, 
working as for item (1). 

(4) Weld the connections of the inboard floor top riders to the 
first longitudinal top rider as for (2). 

(5) Weld the floor connections to the flat plate keel, working 
from the vertical keel out to the first longitudinal girder, 
using a stepback sequence. The alternate method of 
welding should be employed as stated in items (1) and (2). 

(6) Turn the unit over. Weld the shell seam on the first 

' longitudinal rider port and starboard. Commence welding 
at mid-length and work forward and aft from this point, 
using a wandering sequence. Leave 12” to 15” unwelded 
at each end of the panel to permit some freedom of move- 

‘ment when joining the unit to the one adjacent. Turn 

the unit back to its original position. 


SECOND LONGITUDINAL 
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(7) Weld the outboard side of each floor to the first longitudinal 
as for (3). 

(8) Weld the connections of the outboard floor top riders to 
the first longitudinal top rider, as for (4). 

(9) and (10). Weld the connections of the floors and riders 
to the second longitudinal as for items (3) and (4). 

(11) Weld the floors to the shell plating between the first and 

‘ second longitudinal girders as for item (5). 

(12) Weld the second longitudinal to the shell plating, com- 
mencing at mid-length and working forward and aft, 
using a wandering sequence. The fillets on both sides 
of the longitudinal should be welded practically simul- 
taneously. oo 

_(13) Turn the unit over and weld the main run of the shell seam 
outboard of the second longitudinal. - Welding should 
commence at mid-length and work forward and aft, using 
a wandering sequence. The unit should now be turned . 
back to its original position, the joint chipped out, and the 
back run deposited, using a similar sequence to the main 
run. A length of from twelve to fifteen inches should 
be left unwelded at the ends of the shell seam, for the 
subsequent joining of adjacent units. 

(14) Weld outboard side of floors to 2nd longitudinal as for 
(3) and (4). 

(15) Finally, the floors should be welded to the shell plating 
from the second longitudinal girder out to within twelve 
to fifteen inches of the outboard edges of the floors. <A 
stepback sequence should be employed, similar to that 
used for item (5). 


It should be noted that, as the unit is to be turned for some of 
the welding operations, it is essential that the various members 
must be securely tacked or clamped together. This is important, 
as otherwise the strain imposed by lifting and turning an insecurely 
tacked unit will cause displacement’ of the integral parts and 
accuracy of workmanship will prove impossible. On the other 
hand, the members must not be so securely tied as to restrict a 
slight freedom of movement of the parts during welding. 


It must be remembered that a unit such as that described above 
will not be welded by one man alone; up to six welders may be 
employed on such a unit. It is therefore possible to weld the port 
and starboard sides simultaneously, which, by balancing the 
contraction stresses, will assist in keeping distortion to a minimum. 
Although this practice is desirable, it is important that if a number 
of welders are employed on one unit, no single welder should be 
permitted to outstrip the others. For example, in welding a long 
seam, two welders may be employed with advantage on a wandering 
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sequence, but locked up stresses would be unavoidable if one were 
welding the seam at the same time that the other was welding the 
framing members to the shell adjacent to the seam. 

It will be noted that all the requirements for a welding sequence, 
as set forth at the beginning of this chapter, have been observed 
in working out the sequence illustrated. It will be observed, 
however, that there are often practical limitations to the principle 
of welding all butts in a unit before joining the adjacent structure. 
It is for this reason that the sequence has been designed to com- 
mence at a central point and the welding arranged to proceed 
outwards in “‘panels.” In this way the principles can be applied 
to each panel individually with greater success than if applied to 
the whole unit. 


CHAPTER V. 
SEQUENCES FOR COMPOSITE RIVETED AND WELDED WORK. 


Although it is the ultimate aim of the welding engineer that 
all steel structures shall be of all welded construction, he is often 
called upon to design composite structures making use of both 
riveted and welded connections. If anything, the planning of a 
sequence for composite work requires more attention than that 
required for all-welded structures. As always, the first subjects 
to be considered are the limitations imposed by both the riveting 
and welding processes, when used in conjunction. 

When a riveted joint is overloaded, the rivets have a tendency 
to “slip’’, which facilities the redistribution of stresses and often 
prevents the joint from fracturing provided that the overloading 
is not excessive. Obviously, a joint in which the rivets have 
slipped is no longer watertight, but it will at least continue to carry 
its designed load. 

In a welded joint, however, the only way in which stresses may 
be redistributed under overload conditions is, as we have seen, 
through the ductility of the weld metal and the parent plate. No 
useful purpose is served by combining riveting and welding in the 
same joint (see Fig. 17) as their reactions to stress have little in 
common. Should sudden overloading of the joint occur, the 
greater rigidity of the weld may cause fracture before any assistance 
can be gained from the slip in the rivets, as there would be little 
time for redistribution of the shock stress. The joint would be 
equally strong, if not stronger, if ductile welding or riveting alone 
were used, as in the former casé the joint is stronger without the 
weakening effect of a number of rivet holes. In composite work, 
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therefore, the basic principle in design should be to arrange rivete 
and welded tenber in uch a fashion that the maximum efficiency 
is obtained from each, working independently of the other. | j 

For example, take a structure comprising transverse — aa: 
longitudinal members, with joints in both transverse and longitu a 
inal directions, such as a deck panel of a ship, having beams 
girders connected to plating with longitudinal and transverse ae : ‘e 
It would be quite in order to rivet the beams and transverse bu 
and to weld the girders and longitudinal butts, or vice versa. 
right angle connection, such as a bracket, may be welded on one 
edge and riveted on the other, as the joints are in different planes. 
Briefly, welding and riveting may be safely used together, but 
never in the same joint. 

Another axiom is that in any composite work all welding must 
be completed before riveting in the same area is commenced. If - 
the riveting were to be carried out first, the joint would be under 
undue ‘restraint during welding and in addition the welding heat 
would tend to loosen the rivets when the plating contracted. In 
composite work, the rivet holes should. be displaced (see Fig. 17a) 
before welding, by an amount equivalent to the estimated shrinkage 
of the joint, the displacement being in a direction opposite to the 
direction of the shrinkage. 3 

Whilst welding is being carried out on composite work, the 
rivet holes in the vicinity should be secured by bolts of a slightly 
smaller diameter than the rivet to be used (usually 4” smaller). 
This permits a reasonable freedom of movement of the structure 
in the vicinity of the weld and prevents the accumulation of locked 
up stresses, oO! 
All of the above factors have to be taken into consideration 


when designing a working sequence for composite: work. As in. 


CONTROL OF DISTORTION IN WELDED STRUCTURES 43 


all welded construction, it is not always possible to follow religiously 
all the rules and regulations, but they should be adhered to in spirit. 
A typical structure embodying both riveting and welding is 
- illustrated in Fig. 18 and the rules, as stated above, call for all 
welding to be completed before riveting is commenced. If this 
were carried out in the structure illustrated, it would probably 
be found that the riveted joints had been pulled completely out of 
alignment. A practical compromise may once again be effected 
by welding a section of the unit, completing the riveting in this 
section, then proceeding to the next panel, first welding, then 
riveting, and so on until the work is completed. - 
Reverting to Fig. 18, the sequence of working would go some- 
what as follows :— oe 

(1) In conformity with the practice of working from a fixed 
towards a free end, the centre plate butt should be welded 
first. Welding should commence in the centre of the 
butt and work out each side, using a wandering sequence. 
- At the same time, the centre plates should be tack welded 
to the end transverse angles which ‘serve as backing bars 

for the subsequent buttwelding of the adjacent plates. 
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(2) The transverse stiffeners may now be riveted to the centre 
plates, but riveting should be stopped about 15” from the 
longitudinal seams on each side of the centre plate. If the 
rivet holes have been punched prior to welding, which is 
generally the case, one of the centre plates will require to 
have the holes displaced slightly in relation to the holes 
in the transverse stiffeners, to allow for weld contraction. 
Generally speaking, the stiffeners will be temporarily 
secured to the plating by bolts spaced about 12 to 15 inches 
apart, until the riveting is carried out. 


(3) The longitudinal buttwelded seams connecting the centre 
plate to the side plates should now be welded. Welding 
Should commence at mid-length and work alternately 
forward and aft, using a wandering sequence. 


. (4) Weld the butts of the side plates, commencing at the 
longitudinal seam and working outwards in each case, 
using a step-back sequence. (4A) Weld the portion of the 
longitudinal seams left unwelded in (3). Tack weld the 
ends of the side plates to the end transverse stiffeners. 


(5) Rivet the remaining transverse stiffener connections to 
the plating, commencing from where riveting was stopped 
in item (2) and working out to the sides. Although not 
so important as in an all welded structure, a fairer surface 
will be obtained if the riveting is commenced at the centre 
stiffener and continued alternately on each side. 


(6) Rivet the outer plates to the boundary angles on each side, 


commencing at the welded butt and working away on each 
side. 


The use of composite joints is often pressed upon the designer 
by force of circumstances. It cannot be denied, however, that 
composite construction tends to emphasise the limitations of both 
the riveting and the welding process, without obtaining any great 
compensating advantage. If the use of the welding process is 
contemplated at all, then the work should be especially designed 
for that purpose to obtain the greatest efficiency. 


It is, however, frequently the practice on welded ships, to 
arrange for one riveted seam on each side of the vessel, usually 
at the lower edge of the sheerstrake or the inboard edge of the deck 
stringer plate. This riveted joint acts as a crack arrester at a 


point of dangerous stress concentration; 47.e., the sheerstrake. 


connection to the deck stringer plate. . In the event of failure of 


the material in this vicinity, the riveted joint will prevent the crack 
from spreading. | 
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CHAPTER VI. ; 
THE WELDING OF CAST IRON. 


Although the welding of cast iron presents few problems in 
distortion, due to its mechanical properties, this is offset by a 
corresponding increase in stresses, and the subject, therefore, 
comes within the scope of this pamphlet. Very little prefabrication 
of cast iron is carried out by the welding process, but there is con- 
siderable scope for the repair of fractured castings. 


Most iron castings, whether of white or grey cast iron, consist 
of a large brittle mass, which during welding is subjected to rapid 
cooling in the vicinity of the weld, due to the heat being dissipated 
throughout the casting. The weld metal expands more than the 
adjacent cast iron and, therefore, contracts more. This results 
in the cast iron on each side of the weld being highly stressed, and 
the weld metal picks up carbon from the base metal, being trans- 
formed from mild steel to white cast iron. The weld thus becomes 
somewhat brittle, but the weld metal must always be ductile enough 
to take the majority of the contraction stresses. Bearing these 
facts in mind, the following rules must be adopted. for the repair 
by welding of cast iron fittings :— 

(1) Heat input must be kept to an absolute minimum so that 
contraction stresses are kept as low as possible. This 
also has the effect of making the weld metal less brittle. 
To keep the heat input low, the smallest gauges of electrodes 
and the lowest practicable current should be used. 


(2) Preheating should be adopted wherever practicable. The 
whole job should be preheated to 300°C., but where this 
is not possible due to the size of the casting, the work 
should be preheated locally in way of the weld. Pre- 
heating will assist in relieving the welding stresses and will 
result in a less brittle weld. This method is not practicable 
if part of the work is a machined surface, as local preheating 
will tend to pull the surfaces out of alignment. 

(3) Undulating welds, as illustrated in Fig. 19a, should be 
used wherever possible, as the contraction stresses are 

. thereby counterbalanced. 

(4) Stepback and wandering sequences should be adopted. 
Welding should be continued for about half-a-minute and 
then allowed to cool for three to four minutes before the 
next adjacent increment is deposited. 

(5) Stresses can be further relieved by light hammering while 
the weld is still hot. 
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Various types of electrode are used for welding cast iron, 
including mild steel, copper nickel, bronze, nickel chromium and 
cast iron. To enable a surface to be machined in way of a weld, 
copper nickel or bronze electrodes should be used for the machinable 
depth, although mild steel electrodes may be used below this depth, 
where hard metal is of no great consequence. 


Three typical sequences for welding cast iron fittings are 
illustrated in Figs. 19 (8), (c) and (@). 


Fig. 19 (b) shows a rectangular cast iron frame fractured in 
three places. In welding this, the sequence should proceed as 
follows :— 


Weld fracture (1) and allow to cool. 

Weld fracture (2) and allow to cool. | 

Preheat at (4) whilst welding fracture (3), thus balancing the 
contraction stresses. 


Fig. 19 (c) shows a cast iron bracket, which is also fractured in 
three places. In this case the order of welding would be :— 


Weld fracture (1) and allow to cool. 

Weld fracture (2) and allow to cool. 

ae the weld at (4) and fracture (1) while welding fracture 
(3). 

Fig. 19 (@) indicates a very common casualty, that of a cast 
iron handwheel with three spokes broken. If this were to be 
repaired by welding, without any preheating treatment, the con- 
traction stresses would be such that further fractures would occur. 
In this instance, the whole handwheel should be preheated during 
the welding operation. Weld the fracture in spoke (3) and allow 
to cool. Then repeat with spoke (1). Before welding spoke (2) 
the rim of the handwheel should be cut at (4) and the ends veed. 
Spoke (2) can then be welded without fear of further fracture, 
providing the wheel is preheated. To weld the joint at (4) the 
rim should be preheated round half of the circumference and the 
weld allowed to cool slowly. 


There are many further methods of repairing cast iron fittings 
by means of the welding process, such as studding, and welding 
mild steel sections across the fracture, but these are beyond the 
scope of this pamphlet. _It is sufficient to state that if the rules 
given above are faithfully followed, the repair of cast iron fittings 
should present little difficulty. 
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CHAPTER VII. 
JOINT DESIGN IN RELATION TO DISTORTION. 


It should be generally realised that it is the primary respon- 
sibility of the designer to limit the amount of distortion or locked 
up stress in a welded structure. Apart from the welding sequence, 
which should always originate in the drawing office, there are many 
other ways in which the designer may exercise some control in this 
matter. Factors coming partly or wholly within the control of 
the drawing office are as follows :— 

(1) To minimise distortion it is essential that fillet welds 
should be specified of the smallest practicable size consistent with 
adequate strength. The welder, if the fillet size is left to his 
initiative, tends to make the weld much larger than is necessary 
under the mistaken impression that the fillet must “look” strong 
enough for the job. In the interests of efficiency and a: high 
standard of welding, a table should be prepared in the drawing 
office giving full welding particulars of each joint required on a 
particular job. This should include the type of joint, the thickness 
of the materials joined, the number of runs required, the gauge 
of electrode to be used, the length of weld deposit per electrode, 
the current to be employed, and in the case of a fillet weld, the leg 
length required. | 
_ (2) The designer can effect the ultimate amount of distortion 
in a structure by ensuring in the early stages of design that the 
number of welds is kept to a minimum. Although welded pre- 
fabrication is an efficient and economical method of construction, 
it will be noted from Fig. 20 (a) that careless designing can result 


Fig. 20a. 
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in too much welding which, far from strerigthening the job, will 
cause unnecessary weakening of the structure through increased 
distortion and locked up stress. |The welding process is used to 
full advantage in Fig. 20 (b), but by the use of flanged plates and 
rolled sections, the number of welds is considerably reduced, 
resulting in a more accurate and a stronger job. 


Concentrations of welding should be avoided both from the 
viewpoint of strength and to reduce distortion and locked up stress. 
This aspect definitely falls within the designer’s sphere, and every 
effort should be made in designing the structure to ensure that 
the welds are adequately spread. This will help to ensure that 
there is no undue concentration of stresses at any one point. If 
possible, the welds should be so arranged as to balance the welding 
stresses. Fig. 21 (a) indicates a typically dangerous concentration 
of welds, and Fig. 21 (b) shows how the design may be modified to 
eliminate this excessive ‘‘bunching’’ of welds. 


IN WAY OF BOTT 


TO CLEAR WELDS. 


CONCENTRATION OF WELDS. REDUCTION IN WELDING. 
Fig. 2ta. Fig. 21b. 


(3) Although not primarily the responsibility of the drawing 
office, faulty joint preparation and fit up can mar an otherwise 
good welded design. If the welding particulars issued by the 
drawing office are not strictly adhered to, the gap between plates 
may be four or five times as wide as specified, necessitating several 
more runs of welding to make an efficient joint. This additional 
welding increases the risk of distortion and locked up stresses, and 
strict supervision to avoid such faults is imperative. 


(4) Wherever fillet welds are employed, the use of intermittent 
welding is preferable to continuous welding, as a means of reducing 
distortion. It is naturally impracticable to use intermittent 
welding where watertight work is required, and where the structure 
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is subjected to high fluctuating stresses. There are, however, 
numerous instances on a large welded structure where intermittent 
welding may be employed with advantage, and the saving in weld 
metal is an economic consideration, in addition to its causing less 
distortion. 


Intermittent fillet welds may be deposited in either “‘staggered’’ 
or “‘chain’’ pattern, see Fig. 22. The length of deposit and the 
spacing of the welds depend upon the thickness of the plates joined 
and the intensity of the stresses the structure is required to with- 


STAGGERED INTERMITTENT FILLETS. 
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CHAIN INTERMITTENT FILLETS. 
Fig. 22. 


stand. This gives a considerable variation in size and spacing 


from 3” of welding with a 3” gap for heavy plates subjected to 
comparatively high stresses, to 2” of weld and a 9” gap for light 
plates with very little loading. 


(5) Apart from concentrations of welding, the actual design 
of a job can have far reaching effects upon the degree of distortion 
or locked up stress to be found in the completed structure. All 
designs which will have the effect of raising stresses locally should 
be avoided. The following instances may be cited as examples 
of faulty designs which have the effect of raising stresses. 


. 
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(2) Any structure or joint which has a pronounced notch 
effect may fracture under sudden loading. Examples 
of notch effects are illustrated in Fig. 23 and it will be 
obvious that, in such cases as these, the lines of stress 
are subjected to serious distortion. The stress lines 
should flow evenly across a welded joint, as otherwise 
the uniform distribution of stress between one member 
and another will be impossible, and fracture may occur. 


NOTCHES 
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WITH THINNER PLATE 


REMEDY BY BURNING OuT 


ECCENTRIC WELOING 


NOTCH EFFECTS 
IN_DESIGN. 


BOTT IN GIRDERS OF DIFFERING SIZE 


Fig. 23. 


(6) Another stress raiser is the connection of a narrow lapped 
plate by means of side fillets only. When loaded, the 
stress is transmitted through the welds from one member 
to another. With side fillets only, this results in the 
stress lines in the centre of the lapping member taking 
a curved path at an angle to its normal flow, which is to 
be avoided. By adding end fillets and rounding the 
corners of the lapped member, the stress lines have a far 
more even flow. (See Fig. 24). 
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(6) In planning the extent of prefabrication, the designer 
should aim at the largest practicable capacity of welded unit, 
consistent with the available lifting facilities. _ The control of 
shrinkage stresses is far more easily accomplished in the welding 
shops, where the maximum amount of downhand welding may be 
employed, than is possible at the assembly site. If welding is 
carried out piecemeal on the site, the shrinkage and distortion are 
cumulative and far more difficult to control effectively. 


(7) It must be remembered, in comparing a riveted and a 
welded structure, that the unsupported panel of plating between 
stiffening members is strengthened to some extent in the former 
case by the faying surfaces of the angles connecting the stiffeners 
tothe plating. Ina welded structure these angles are not necessary 
as a means of connection, but in omitting them, the unsupported 
panel area is correspondingly increased. If no compensating 
measures are adopted, this increased area will lead to additional 
distortion, besides causing a loss in strength. The remedy here 
is to fit flat bar riders welded centrally about the stiffening plate 
and fillet welded to the panel. Besides reducing the unsupported 
panel area and controlling the amount of distortion, these riders 
will spread the welds, thus avoiding the ‘“‘hard spots’’ which are 
frequently caused when a vertical plate is welded direct to a 
horizontal plate. Alternatively the plating thickness may be 
increased as compensation. 

(8) Finally, it should be emphasised that in any welded design, 
the draughtsman should aim at simplicity as the keynote. The 
simpler the design, both in the number of parts employed and in 
the number of welded joints, the less the risk of distortion and 
residual stress. 
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CONCLUSION. 


It has been proved in every industry using the welding process, 
‘that providing the rules and procedures enumerated here are 
followed, a welded structure is stronger than, and can be made as 
fair and smooth as, a riveted structure. 


The detailed study of distortion in welded structures requires 
an extensive knowledge of chemistry, metallurgy and electricity. 
The composition of metals, the effect of heat on the metals and on 
their structure, and the generation of the necessary welding current, 
are all combined in the science of welding. The draughtsman 
wishing to engage in further study of the subject is recommended 
to obtain the text books listed in the bibliography at the end of 
this pamphlet. 


For those whose time available for study is limited, it is hoped 
that the foregoing pages will provide a sound basis on which to 
wotk, in dealing with the everyday practical problems associated 
with distortion. ; 
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